All coordinates and structure factor files are available from the PDB database (accession numbers: 6KR2 and 6KR3).

Introduction {#sec001}
============

The flaviviruses are a large group of positive-strand RNA viruses, including dengue virus (DENV), West Nile virus (WNV), Japanese encephalitis virus (JEV), Zika virus (ZIKV), tick-borne encephalitis virus (TBEV), and Omsk hemorrhagic fever virus (OHFV). The majority of flaviviruses are mosquito-borne or tick-borne, sometimes causing human encephalitis or hemorrhagic diseases. The recent ZIKV outbreaks in South and North America, and more recently in Southeast Asia, have intensified the global threats of flaviviruses, in part due to the capabilities of the virus to cause birth defects through maternal-fetal transmission \[[@ppat.1008484.ref001]\]. The flavivirus RNA genome is 10--11 kilo-bases in length, bearing a type 1 cap and lacking a poly-adenine tail. It encodes a large polyprotein that is further processed by viral and host proteases, yielding three structural proteins C/prM/E, and seven nonstructural proteins NS1/NS2A/NS2B/NS3/NS4A/NS4B/NS5 \[[@ppat.1008484.ref002]\]. Being a unique natural fusion of an N-terminal methyltransferase (MTase) and a C-terminal RNA-dependent RNA polymerase (RdRP), the NS5 is the largest and most conserved protein encoded by flaviviruses. The NS5 MTase catalyzes the guanylyltransfer and both the guanine N7 and nucleoside 2′-O methylation steps in the capping process, and is a single-domain module adopting a common S-adenosyl-L-methionine (SAM)-dependent MTase fold \[[@ppat.1008484.ref003],[@ppat.1008484.ref004]\]. The K-D-K-E catalytic tetrad sits in the center of the MTase catalytic cleft, with the methyl donor SAM binding site and the cap binding site residing on the opposite sides. The RdRP module is the central molecular machine governing the viral genome replication, and has an encircled human right hand architecture with palm, fingers, and thumb domains surrounding the active site \[[@ppat.1008484.ref005],[@ppat.1008484.ref006]\]. The fingers domain can be further divided into index, middle, ring, and pinky subdomains according to nomenclatures first used in describing the poliovirus (PV) RdRP ([Fig 1A](#ppat.1008484.g001){ref-type="fig"}) \[[@ppat.1008484.ref007],[@ppat.1008484.ref008]\]. Among the seven viral RdRP catalytic motifs, A/B/C/D/E are within the most conserved palm, and F/G are part of the ring and pinky fingers, respectively. Motifs A/B/C/F contain amino acids highly conserved in all viral RdRPs, and these conserved residues have highly analogous spatial arrangements around the polymerase active site \[[@ppat.1008484.ref009],[@ppat.1008484.ref010]\]. Being an entity bearing two active sites and multiple essential viral enzymatic activities, NS5 has become a very attractive system in flavivirus research, and understanding the interplay between its MTase and RdRP modules is undoubtedly critical.

![Two different conformational states of DENV2 NS5 and their relationship between the JEV and DENV3 structures.\
Superimposed but individually presented structures of JEV (A, PDB entry: 4K6M, chain A), DENV3 (B, PDB entry 4V0Q), and two forms of DENV2 (C and D) NS5 shown in the orientation viewing from the top of the RdRP. Coloring scheme: MTase in cyan, linker in red, RdRP palm in grey, thumb in blue, index in green, middle in orange, pinky in light red, N-terminal extension (NE) in pink, and the signature YGDD sequence in magenta. Zinc ions and SAH molecules are shown as brown spheres and sticks, respectively. Block arrows are used to indicate plausible conformational transitions between structural states together with the straight line and rotation direction and angle associated with each transition. The fully ordered motif G region (residues 404--415) in the pinky finger of the JEV structures is highlighted by thicker ribbon representations.](ppat.1008484.g001){#ppat.1008484.g001}

Among the evidence related to MTase-RdRP crosstalk, high-resolution structures of full-length NS5 are essential in providing direct and informative readout of the interactions between the two modules. To date, two types of global conformations have been observed in full-length NS5 structures \[[@ppat.1008484.ref011]\]. The conformation revealed by the JEV NS5 structure (named JEV-mode hereinafter) features a medium size interface (\~1540 Å^2^, for all interface area values presented in this study, the total buried solvent accessible surface from both side of the interface was accounted) with a conserved hydrophobic core \[[@ppat.1008484.ref008],[@ppat.1008484.ref012]\], and is also observed in recently reported ZIKV, yellow fever virus (YFV), and DENV serotype 2 (DENV2) full-length NS5 crystal structures \[[@ppat.1008484.ref013]--[@ppat.1008484.ref018]\]. In such a conformation, the MTase approaches the RdRP from its backside and interacts with the RdRP middle finger, ring finger, and an index finger helix bearing part of a nuclear localization signal (NLS-helix) \[[@ppat.1008484.ref019]\] ([Fig 1A](#ppat.1008484.g001){ref-type="fig"}). The second conformation was observed in two different crystal forms of DENV serotype 3 (DENV3) NS5 (named DENV3-mode hereinafter) \[[@ppat.1008484.ref020],[@ppat.1008484.ref021]\] ([Fig 1B](#ppat.1008484.g001){ref-type="fig"}). In this case, the MTase also approaches the RdRP from the backside, but it is related to the JEV conformation by an approximately 110° rotation around an axis passing near its center of mass with less than 6 Å translation. The RdRP index and middle fingers are still involved in the interactions in a slightly larger interface (\~1650--1780 Å^2^), and the nature of the interactions is instead primarily polar. Notably, the NTP binding ring finger (motif F) contacts with the MTase are absent in the DENV3 structures and the ring finger itself and the adjacent motif G residues in the pinky finger are largely disordered ([Fig 1B](#ppat.1008484.g001){ref-type="fig"}). Motif G participates in RNA template binding and has been proposed to participate in the translocation step after every phosphoryl transfer reaction \[[@ppat.1008484.ref022],[@ppat.1008484.ref023]\]. Hence, the JEV-mode conformation likely represents a state more suitable for polymerase synthesis from the structural perspective.

With two monomer conformation modes and eight crystal forms identified, more than 10 NS5 dimer interfaces can be recognized in the aforementioned NS5 crystal structures with no obvious conservative features. A couple of studies did focus on some of these dimer interface interactions, even though the primary NS5 solution state is monomer \[[@ppat.1008484.ref016],[@ppat.1008484.ref021]\]. Either by probing the inter-molecular interactions, deleting the MTase domain, or mutating the MTase-RdRP linker, multiple *in vitro* polymerase assay-based studies together suggest that the MTase regulates the RdRP catalytic activities, albeit to overall moderate extents \[[@ppat.1008484.ref012],[@ppat.1008484.ref014],[@ppat.1008484.ref016],[@ppat.1008484.ref018],[@ppat.1008484.ref024],[@ppat.1008484.ref025]\]. However, the RdRP assays established in all these studies, no matter in primer-dependent or *de novo* (including dinucleotide driven) format, did not demonstrate the formation of a processive RdRP elongation complex (EC), at least for the majority of the polymerase molecules, and all these assays require the manganese ion (Mn^2+^) for catalysis, albeit in combination with the magnesium ion (Mg^2+^) in some cases. In other words, the mutation-derived effect on RdRP synthesis observed in these studies may only reflect overall changes in non-processive RdRP synthesis activity, while specific alteration of either RdRP initiation or elongation cannot be clearly judged. Furthermore, none of these studies characterized both the JEV- and DENV3-mode monomer conformations to distinguish their differences in RdRP synthesis, except for our previous JEV NS5 study that only probed the JEV-mode conformation \[[@ppat.1008484.ref012]\]. Therefore, the precise mechanism of the regulation and the explicit contribution of either NS5 conformation remain to be clarified.

In this work, we report two crystal forms of DENV2 NS5 that reveal two conformational states bearing clear analogies to those observed in the JEV-mode and DENV3-mode NS5 structures, respectively. Virological data further support the conservation and the functional importance of both conformation modes. NS5 constructs bearing mutations specifically probing two modes of MTase-RdRP intra-molecular interfaces were tested in *in vitro* polymerase assays, and only the JEV-mode interface related mutants inhibited polymerase initiation primarily through a three-fold reduction in the Michaelis constant of the initiating NTP (*K*~*M*,*NTP*~), while polymerase EC properties were not much affected by mutations probing both modes of interactions. Collectively, our work demonstrates the conformational conservation and diversity of the flavivirus NS5 and highlights the specific contribution of the JEV-mode conformation to polymerase initiation.

Results {#sec002}
=======

The first form of DENV2 NS5 structure contains a partially open MTase-RdRP interface and is clearly related to the JEV-mode NS5 structures {#sec003}
------------------------------------------------------------------------------------------------------------------------------------------

With an aim to further understand the conformational diversity of NS5 and related functional relevance, we crystallized and solved the structures of DENV2 NS5 in two different crystal forms at 3.1 Å (form 1) and 2.9 Å (form 2) resolution ([Table 1](#ppat.1008484.t001){ref-type="table"}). Each structure has two NS5 molecules in the crystallographic asymmetric unit, and has the two molecules arranged in a dimer through pseudo two-fold symmetries with highly consistent global conformation (root mean square (RMS) deviation values for superimposable C-α atoms are 0.74 Å and 0.57 Å, respectively; chain A as the reference). Strikingly, the NS5 conformations between the two crystal forms are quite different ([Fig 1C and 1D](#ppat.1008484.g001){ref-type="fig"}). Using a maximum likelihood superpositioning method \[[@ppat.1008484.ref026]\], the RdRP palm and the majority of the fingers domain were identified as the structurally most conserved regions in the superpositioning including these and the representative full-length flavivirus NS5 structures ([Fig 1](#ppat.1008484.g001){ref-type="fig"}). The DENV2 form 1 conformation is clearly related to the JEV-mode conformation with the JEV interface partially opened through a pure 20° rotation along an axis passing the vicinity of the highly conserved GTR residues that were proposed to pivot the MTase movement relative to RdRP \[[@ppat.1008484.ref008],[@ppat.1008484.ref027]\] ([Fig 1A and 1C](#ppat.1008484.g001){ref-type="fig"}; [Fig 2A](#ppat.1008484.g002){ref-type="fig"}). The partial opening of the interface results in the reduction of the interface area to only about 900 Å^2^ or 59% of the JEV interface. Among the six conserved hydrophobic residues forming the interface core in the JEV structure, only three of them (DENV2 NS5 residues W121, F349, and P583) remained as part of the interface. The tip of the ring finger no longer contacts the MTase in the DENV2 form 1 structure, and its electron density becomes weak but still readily traceable and its folding is largely consistent with the JEV conformation ([Fig 1A and 1C](#ppat.1008484.g001){ref-type="fig"}; [Fig 2A](#ppat.1008484.g002){ref-type="fig"}). However, the motif G region in the pinky finger is largely disordered as observed in the DENV3 structures \[[@ppat.1008484.ref020],[@ppat.1008484.ref021]\]. Based on these observations, we propose that the interactions between the MTase residues 113 and 115 and the phenylalanine (residue 465 in DENV2 NS5) in the tip of the RdRP ring finger are essential for maintaining the canonical folding of the ring and pinky fingers, and the folding of the motif G region in the pinky finger is likely dependent on the dynamics of the adjacent ring finger. It is also worth noting that, in addition to ring and pinky fingers, the index finger is also partially disordered in most of the RdRP-only flavivirus NS5 structures \[[@ppat.1008484.ref005],[@ppat.1008484.ref006]\]. These observations together suggest that MTase interaction likely contributes to the folding of RdRP fingers domain, which in turn could affect polymerase properties including RNA binding and subsequent catalytic events.

![A comprehensive comparison of the intra-molecular MTase-RdRP interface shown as stereo-pair images.\
A) A comparison between the JEV (top) and the first form of DENV2 (bottom) structures. B) A comparison between the DENV3 (top, two models) and the second form of DENV2 (bottom) structures. C) The binding of the second SAH molecule observed in the form 2 of DENV2 structure. The binding pocket is shown as surface representations with conservation scores projected. Thinner sticks show the moderately different SAH binding mode observed in the other NS5 molecule in the crystallographic asymmetric unit. Composite simulated-annealing (SA) omit electron density maps contoured at 1.2 σ are overlaid with the DENV2 models in panels A and B and the SAH molecule in panel C. For the DENV2 structures in panels A and B, the two NS5 molecules in the crystallographic asymmetric unit were superposed and shown as thick and thin representations with the density maps of the thick model overlaid. All structures in panels A and B were superposed but may be presented separately. The coloring scheme is the same as in [Fig 1](#ppat.1008484.g001){ref-type="fig"}. For panels A and B, the rotational movements correlate the both structure pairs are indicated.](ppat.1008484.g002){#ppat.1008484.g002}
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###### X-ray diffraction data collection and structure refinement statistics.

![](ppat.1008484.t001){#ppat.1008484.t001g}

  Crystal form--PDB                                               1 -- 6KR2                 2 --6KR3
  --------------------------------------------------------------- ------------------------- -------------------------
  **Data collection**[^**1**^](#t001fn001){ref-type="table-fn"}                             
  Space group                                                     P2~1~                     C222~1~
  Cell dimensions                                                                           
  *a*, *b*, *c* (Å)                                               87.2, 146.4, 98.4         178.8, 210.0, 157.9
  α, β, γ (°)                                                     90, 105.8, 90             90, 90, 90
  Resolution (Å)[^2^](#t001fn002){ref-type="table-fn"}            60.0--3.06 (3.17--3.06)   60.0--2.93 (3.03--2.93)
  R~merge~                                                        0.160 (0.50)              0.138 (0.55)
  R~meas~                                                         0.191 (0.60)              0.153 (0.61)
  CC~1/2~                                                         0.933 (0.781)             0.952 (0.832)
  I / σI                                                          6.8 (2.1)                 11.6 (3.0)
  Completeness (%)                                                98.3 (99.1)               99.9 (100.0)
  Redundancy                                                      3.2 (3.2)                 5.6 (5.5)
  **Refinement**                                                                            
  Resolution (Å)                                                  3.06                      2.93
  No. reflections                                                 44,340                    63,847
  R~work~ / R~free~ [^3^](#t001fn003){ref-type="table-fn"} (%)    22.4 / 27.5               23.3 / 27.0
  No. atoms                                                                                 
      Protein                                                     12638                     12758
      Ligand / Ion / Water                                        52 / 4 / 33               134 / 19 / 47
  B-factors (Å^2^)                                                                          
      Protein                                                     27.9                      60.3
      Ligand / Ion / Water                                        54.5 / 76.4 / 22.5        59.9 / 93.2 / 52.5
  RMS deviations                                                                            
      Bond lengths (Å)                                            0.011                     0.012
      Bond angles (°)                                             1.42                      1.25
  Ramachandran stat.[^4^](#t001fn004){ref-type="table-fn"}        79.9 / 17.2 / 1.7 / 1.2   83.1 / 15.1 / 1.0 / 0.8

^1^ One crystal was used for data collection for each structure.

^2^ Values in parentheses are for highest-resolution shell.

^3^ 5% of data are taken for the R~free~ set.

^4^ Values are in percentage and are for most favored, additionally allowed, generously allowed, and disallowed regions in Ramachandran plots, respectively.

The second form of DENV2 NS5 structure resembles the DENV3 NS5 structures {#sec004}
-------------------------------------------------------------------------

The DENV2 form 2 conformation is instead analogous to the DENV3-mode conformation but contains previously unidentified features. It is related to the DENV3-mode conformation by a 14° rotation along an axis near the interface and the MTase-RdRP linker region (residues 264--273 in DENV2 NS5) and a translation less than 2 Å ([Fig 1B and 1D](#ppat.1008484.g001){ref-type="fig"}; [Fig 2B](#ppat.1008484.g002){ref-type="fig"}). The primarily polar interactions between the NLS-helix and the MTase are largely retained ([Fig 2B](#ppat.1008484.g002){ref-type="fig"}), and interface area is about 1460 Å^2^ and is only reduced for about 11% as compared to the first reported DENV3-mode interface \[[@ppat.1008484.ref020]\]. The rotational movement widens the cleft between the relatively conserved residue pair E67-R68 in the MTase and the RdRP middle finger, creating a pocket that allows the binding of a putative SAH molecule with high occupancy (0.90 and 0.97) in addition to the SAH molecule usually bound in the SAM binding pocket of the MTase ([Fig 1D](#ppat.1008484.g001){ref-type="fig"}; [Fig 2B and 2C](#ppat.1008484.g002){ref-type="fig"}). Usually, SAH can be co-crystallized with the flavivirus MTase at a 1:1 molar ratio with the SAH co-purified with the MTase after its overexpression in bacterial culture \[[@ppat.1008484.ref004],[@ppat.1008484.ref008],[@ppat.1008484.ref020],[@ppat.1008484.ref028]\]. It is possible that the observed NS5 conformation allowed SAH co-purification with NS5 at a higher molar ratio. Such a secondary SAH binding site has not been observed in numerous MTase-containing flavivirus NS5 structures. This binding pocket appears to be not tight enough, as the SAH molecules bind at moderately different positions in the two NS5 proteins in the crystallographic asymmetric unit, and specific interactions between the non-carbon atoms of the SAH and the side chains of the NS5 are largely lacking ([Fig 2B and 2C](#ppat.1008484.g002){ref-type="fig"}). Nevertheless, based on the fact that this secondary SAH binding pocket is created at the MTase-RdRP interface and is reasonably conservative ([Fig 2C](#ppat.1008484.g002){ref-type="fig"}), it might have potential as a target to develop small molecule inhibitors against flaviviruses.

The correlation among all four NS5 conformational states and the structural elements that may mediate NS5 conformational dynamics {#sec005}
---------------------------------------------------------------------------------------------------------------------------------

The two DENV2 NS5 structures nicely fill the gap of major conformational differences between the JEV-mode and DENV3-mode structures, suggesting a plausible order from JEV-mode to DENV2 form 1, then to form 2, and finally to DENV3-mode, primarily through rotational movements in more or less consistent directions ([Fig 1](#ppat.1008484.g001){ref-type="fig"}; [Fig 3A and 3B](#ppat.1008484.g003){ref-type="fig"}; [S1 Movie](#ppat.1008484.s001){ref-type="supplementary-material"}). Three structural elements may play critical roles in the transitioning among these states. The first is the universally conserved GTR sequence at the C-terminal end of the MTase ([Fig 3C](#ppat.1008484.g003){ref-type="fig"}). This tripeptide sequence was proposed as a pivoting element in the work of the full-length JEV NS5 structure and was proved to be functionally important in both JEV and DENV2 replications \[[@ppat.1008484.ref008],[@ppat.1008484.ref027]\]. The second element is the 10-residue MTase-RdRP linker that overall exhibits low sequence conservation in flaviviruses ([Fig 3C](#ppat.1008484.g003){ref-type="fig"}). A comparison of all full-length NS5 structures demonstrated that the N-terminal half of the linker undergoes a swinging motion with a partial refolding to become helical when transitioning from the JEV-mode conformations to the DENV3-mode ones, while the C-terminal half remains unaffected ([Fig 3A and 3B](#ppat.1008484.g003){ref-type="fig"}). Not surprisingly, mutations in the linker region or linker substitutions using sequences of other flavivirus NS5 have been found to affect NS5 conformation distribution, NS5 enzymatic activities, and virus proliferation \[[@ppat.1008484.ref018],[@ppat.1008484.ref024],[@ppat.1008484.ref029]\], possibly by altering the flexibility of the linker. The third element is the NLS-helix (residues 348--358 in DENV2 NS5) in the RdRP index finger. On one hand, this helix is critical to both the JEV-mode and DENV3-mode of interface interactions by contributing the F349 and R353 residues ([Fig 2A and 2B](#ppat.1008484.g002){ref-type="fig"}; [Fig 3B](#ppat.1008484.g003){ref-type="fig"}). On the other hand, it is at the central region of a long stretch of conserved sequences (residues 341--366 in DENV2 NS5) that may also be related to NS5 nuclear localization, nuclear export, and interaction with another important viral protein NS3 \[[@ppat.1008484.ref019],[@ppat.1008484.ref030],[@ppat.1008484.ref031]\], emphasizing its possible importance when not participating in the intra-molecular MTase-RdRP interactions. We propose that the largely rotational movement of the MTase from the JEV-mode conformations to the DENV3-mode conformations may utilize this highly conserved helix as a guiding track ([S1 Movie](#ppat.1008484.s001){ref-type="supplementary-material"}). At the starting and end points of the movement, the conserved hydrophobic residue patch P113/X115/W121 (the majority of X are L and M) and the conserved polar residue pair E67-R68 provide the anchoring points on the MTase side ([Fig 3B--3D](#ppat.1008484.g003){ref-type="fig"}). On the other hand, both of these stable conformations make the NLS-helix inaccessible to other factors, and the helix may only become solvent exposed at certain stages of virus life cycle.

![Key elements that may mediate the conformational switches of the flavivirus NS5.\
A) Stereo-pair images (wall-eyed) shown in a view looking at the MTase-RdRP linker region. For clarity, the entire RdRP region is shown in grey, linker is in red, and only the C-terminal ten residues including the very C-terminal GTR sequence of the MTase are shown. B) A comparison between the two DENV2 conformational states highlights a likely role of the highly conserved index finger NLS-helix. Left: JEV-mode; right: DENV3-mode. The coloring scheme is the same as in [Fig 1](#ppat.1008484.g001){ref-type="fig"}. The α-carbon atoms of two important patches of residues are shown as blue spheres. C) The sequence logo plot showing the conservation of the two RdRP interacting regions, the GTR-linker region (top panel), and the NLS-helix that is important for both JEV- and DENV3-mode conformational states, the middle and ring finger regions only critical in JEV-mode states (bottom panel). The triangles indicated key residues involved in the intra-molecular interactions. D) A schematic free energy diagram for all four conformational states of flavivirus NS5. The relative free energy was crudely estimated by the solvent accessible surface area occluded by the NS5 intra-molecular interface interactions. E) A list of DENV2 NS5 mutants that were designed based on both the JEV- and DENV3-mode conformations, with abbreviations and full descriptions, including mutation site and mutation type.](ppat.1008484.g003){#ppat.1008484.g003}

Virological data support the functional relevance of both the JEV-mode and the DENV3-mode conformations {#sec006}
-------------------------------------------------------------------------------------------------------

Previously, we tested the functional significance of the JEV-mode conformation using both JEV and DENV2 systems \[[@ppat.1008484.ref027]\]. When arginine/aspartic acid/serine (R/D/S) mutations were introduced at the six hallmark hydrophobic residue sites, virus proliferation was significantly inhibited (the corresponding mutation sites in DENV NS5 were listed in [Fig 3E](#ppat.1008484.g003){ref-type="fig"}). In order to understand functional relevance of the DENV3-mode conformation, we designed five mutations at the NS5 residues 67 and 68 for each virus system (E67A, E67D, K68A, K68R and E67A/K68A in JEV; E67A, E67D, R68A, R68K and E67A/R68A in DENV2, and correspond to the same mutations with an "M\_" prefix in [Fig 3E](#ppat.1008484.g003){ref-type="fig"}) and compared the mutant constructs with the wild type (WT) viruses ([Fig 4](#ppat.1008484.g004){ref-type="fig"}). The residues 67--68 were chosen as the mutation sites because these two residues are highly conserved among the MTase residues that participate in the DENV3-mode MTase-RdRP interface but are not involved in the JEV-mode interface interactions. We first introduced each mutation into a JEV infectious clone \[[@ppat.1008484.ref032]\]. After viral RNA was transfected into baby hamster kidney cells BHK-21, viral protein expression and virus production were monitored. The expression level of the viral envelope (E) protein in transfected cells was detected by an immunofluorescence assay (IFA) ([Fig 4A](#ppat.1008484.g004){ref-type="fig"}). Both the E67A and K68R mutant viruses produced similar IFA positive cells in comparison with the WT virus (100% IFA positive cells observed at 72 h post transfection (hpt)); The K68A and E67A/K68A mutants showed only around 10% positive cells; the E67D mutant produced very few IFA-positive cells. Virus productions were then quantified by a plaque assay at three time points (48, 72, and 96 h) post transfection. Consistent with the IFA data, the E67A and K68R mutant RNAs yielded similar amounts of viruses as the WT at each time point, the K68A and E67A/K68A mutants moderately impaired virus production, and viruses derived from the E67D mutant RNA-transfected cells were only detected at 72 and 96 hpt ([Fig 4A](#ppat.1008484.g004){ref-type="fig"}). Overall, the results indicated residues 67 and 68 are important for JEV proliferation. We also performed similar analyses using a DENV2 infectious clone ([Fig 4B](#ppat.1008484.g004){ref-type="fig"}) \[[@ppat.1008484.ref033]\]. No IFA-positive cells were observed in the R68A, R68K and E67A/R68A transfected cells; the E67A and E67D produced around 70%-80% IFA-positive cells relative to the WT. Data from the plaque assay indicated that virus production was blocked by the R68A, R68K, and E67A/R68A mutations, while the E67A and E67D mutations had slightly less effect on virus production at each time point post transfection comparing with the WT ([Fig 4B](#ppat.1008484.g004){ref-type="fig"}). Taken together, these virological data suggest that the DENV3-mode conformation is also functionally important and is likely conserved in flaviviruses, consistent with our structural observation of both conformations in DENV2 NS5.

![Virus proliferation analyses of the WT JEV and DENV2 and the viruses bearing the DENV3-mode mutations.\
A) Effects of NS5 mutations on JEV replication. IFA of JEV genome-length viral RNA containing E67A, E67D, K68A, K68R, and E67A/K68A mutations in transfected BHK-21 cells at 72 hpt. Monoclonal antibody 4G2 against envelope protein and FITC-conjugated goat anti-mouse IgG were used as primary and secondary antibodies for IFA, respectively. B) Effects of NS5 mutations on DENV2 replication. IFA of DENV2 genome-length viral RNA containing different mutations of NS5 in transfected BHK-21 cells at 96 hpt. Virus production of the supernatants of the transfected cells at each time point post transfection was detected by monolayer plaque assay, and the visible plaques were used to calculate titers.](ppat.1008484.g004){#ppat.1008484.g004}

The establishment of effective *in vitro* RdRP assays to characterize both initiation and elongation in DENV2 NS5 {#sec007}
-----------------------------------------------------------------------------------------------------------------

We previously tested the JEV-mode interface mutants in JEV NS5 using *in vitro* assays derived from an HCV study \[[@ppat.1008484.ref012],[@ppat.1008484.ref034]\]. While the HCV assays have Mg^2+^ as the only divalent metal ion and allow the formation of processive ECs \[[@ppat.1008484.ref034]\], the JEV assays require Mn^2+^ for RdRP activity and the stability and reactivity of the assembled complexes are far from optimal \[[@ppat.1008484.ref008]\]. When the HCV assay format was used in the DENV2 NS5, the RdRP enzyme behavior is consistent with the HCV enzyme, and therefore the DENV2 assays established in this study can serve as effective systems to assess RdRP catalytic properties and to analyze whether the interface interactions observed in both the JEV-mode and the DENV3-mode conformations modulate RdRP catalysis. Note that dinucleotide-driven assays, such as those in the HCV study \[[@ppat.1008484.ref034]\], have been used in multiple polymerase systems to reasonably mimic the *de novo* initiation process \[[@ppat.1008484.ref035],[@ppat.1008484.ref036]\]. When ATP and UTP were provided as the only NTP substrates, a GG dinucleotide primer (P2) was extended to yield a 9-mer product (P9) as directed by a 30-mer template (T30) after a 45-min incubation ([Fig 5A](#ppat.1008484.g005){ref-type="fig"}). We assessed the reactivity of the P9-containing complex by a single-nucleotide extension assay. Because the complex was in the precipitate form under the low-salt reaction condition (20 mM NaCl) but was soluble under high-salt condition (e.g. 190 mM NaCl), we removed the excess ATP and UTP by centrifugation, pellet wash, and pellet resuspension, and then added CTP to allow the single-nucleotide addition to make a 10-mer product (P10). It turned out that the conversion from P9 to P10 was very rapid and was completed immediately after manual mixing on ice without further incubation ("0 min"; [Fig 5A](#ppat.1008484.g005){ref-type="fig"}, lane 3). Although not accurately determined, the expected catalytic rate constant of the P9-containing polymerase complex is at least magnitudes larger than that determined in the JEV study (0.14 min^-1^ for WT NS5) \[[@ppat.1008484.ref012]\]. This observation strongly suggests that the P9-containing complex of DENV2 NS5 has completed the transition from initiation to elongation and is a *bona fide* EC. Therefore, the production of this P9-containing EC (EC9) can be used to assess the overall process of initiation followed by the transition to elongation.

![Mutations perturbing the JEV-mode interface interactions impaired DENV2 RdRP initiation.\
A) Left: A diagram of construct T30/P2 used in all polymerase assays and related NTP-driven reactions to generate products with different lengths. Middle: reaction flow chart of the P2-driven EC formation (IC2 to EC9) and the subsequent single-nucleotide extension (EC9 to EC10). Right: the EC9 was in a form of precipitate and was able to extend to EC10 upon CTP addition under high-salt condition. B-C) The EC9 formation comparison with the WT NS5 for the JEV-mode (B) and DENV3-mode (C) mutants. The relative intensity of the 9-mer was used to estimate the polymerase activities (the WT value for each time point series was set to 100). D) Comparison of the WT and two representative mutants (R3 for the JEV-mode; M_67A/68A for the DENV3-mode) in the multiple-turnover P3 formation and in the single-turnover P9 formation assays. The pppGGA was synthesized when GTP and ATP were provided as the only NTP substrates using the P2-free T30 template and was used as a migration marker. Note that pppGGA migrated at similar position as pGG, but faster than pGGA since it contains two extra phosphate groups at the 5′ end. A chemically synthesized 9-mer loaded with an equal molar amount to T30 was used as a quantitation standard (STD, lanes 62 and 81). The average intensity of the STD bands was set to 1. Based on previously reported evaluation, the intensity-molar amount starts to deviate from a linear relationship when the relative intensity approaches 4--5 under similar experimental settings \[[@ppat.1008484.ref012]\]. Therefore, the intensity reported in lanes 64--65 and 76--77 are underestimated. The P9 product migrated faster than the chemically synthesized STD RNA due to its 5′-phosphate inherited from the pGG dinucleotide.](ppat.1008484.g005){#ppat.1008484.g005}

Perturbing the JEV-mode but not the DENV3-mode intra-molecular interactions impairs the DENV2 NS5 RdRP initiation but not elongation {#sec008}
------------------------------------------------------------------------------------------------------------------------------------

To test the impact on polymerase catalysis brought by the intra-molecular MTase-RdRP interactions, we made two sets of DENV2 NS5 mutants. The first set contains equivalent mutations utilized in the JEV study to perturb the hydrophobic JEV-mode interface \[[@ppat.1008484.ref012]\], and the second set that contains mutations at residues 67--68 was used to probe the polar DENV3-mode interface ([Fig 3E](#ppat.1008484.g003){ref-type="fig"}). We compared the EC9 formation of these mutants with the WT NS5 at three incubation time points. For the WT NS5, only limited 9-mer accumulation was observed beyond the first time point (15 min), and small amount of misincorporation-related 10-mer products became obvious at the last time point (90 min) ([Fig 5B](#ppat.1008484.g005){ref-type="fig"}, lanes 11, 18, and 25; [Fig 5C](#ppat.1008484.g005){ref-type="fig"}, lanes 41, 47, and 53). These observations again suggest that: although the EC9 formation is a slow process due to slow pre-initiation and initiation steps, it likely produces a stable EC that is not turning over to carry out multiple rounds of P9 synthesis. Among the six JEV-mode NS5 mutants, three of them exhibited obvious slower accumulation of P9 products, in particular at shorter incubation time points ([Fig 5B](#ppat.1008484.g005){ref-type="fig"}, compare lanes 15--17, 22--24, 29--31 to the WT lanes). In contrast, all five DENV3-mode NS5 mutants showed very similar trend of P9 accumulation as the WT enzyme ([Fig 5C](#ppat.1008484.g005){ref-type="fig"}). These data together suggest that perturbing the JEV-mode but not the DENV3-mode interactions inhibits the overall process to produce a processive EC.

To further dissect the mechanism of inhibition brought by the JEV-mode interface mutations, we compared representative NS5 mutants (R3 for JEV-mode interface and M_67A/68A for DENV3-mode interface) with the WT enzyme in a P2-driven initiation assay to explicitly assess the continuous production of the 3-mer (P3) when ATP was provided as the only NTP substrate, while the P9 synthesis was monitored in parallel for comparison ([Fig 5D](#ppat.1008484.g005){ref-type="fig"}). Here we use a chemically synthesized 9-mer as a quantitation standard (STD; [Fig 5D](#ppat.1008484.g005){ref-type="fig"}, lanes 62 and 81) loaded with an equal molar amount of the T30 template. For the WT, the R3 mutant, and the M_67A/68A mutant, the P9 amount was relatively consistent at the 60 and 90 min time points ([Fig 5D](#ppat.1008484.g005){ref-type="fig"}, compare lanes 67, 73, 79 to lanes 68, 74, 80), suggesting that all three constructs had formed stable ECs and did not turn over to accumulate the P9 products over time. In contrast, the P3 accumulation proceeded continuously during the same period for all three constructs, indicating that the P3-containing complex is an initiation complex (IC) that carried out multiple rounds of synthesis in an abortive fashion ([Fig 5D](#ppat.1008484.g005){ref-type="fig"}, lanes 63--65, 69--71, and 75--77). The R3 mutant had a slower P3 accumulation than the WT and the M_67A/68A mutant had, clearly suggesting that the perturbation of the JEV-mode interface impaired the RdRP initiation process.

We next performed two tests regarding the EC9 properties using the WT, R3, and M_67A/68A constructs ([Fig 6](#ppat.1008484.g006){ref-type="fig"}). To test the EC9 reactivity, we compared the P9-to-P10 conversion under high and low CTP substrate concentrations for these constructs ([Fig 6B](#ppat.1008484.g006){ref-type="fig"}). At 300 μM CTP concentration, all three constructs converted the majority of P9 to P10 at "0-min" time point (89--94% converted suggested by intensity-based quantitation) ([Fig 6B](#ppat.1008484.g006){ref-type="fig"}, lanes 12, 14, and 16). When CTP was supplied at 5 μM, the conversion became slower, but all three constructs showed consistent progress of conversion (67--70% and 84--88% converted at "0-min" and at 1 min, respectively) ([Fig 6B](#ppat.1008484.g006){ref-type="fig"}). To test the stability of the EC9, we used NaCl as the challenging agent in a high-salt challenge stability assay similar to those described in previous work characterizing the PV, HCV and the classical swine fever virus (CSFV) RdRPs \[[@ppat.1008484.ref034],[@ppat.1008484.ref037],[@ppat.1008484.ref038]\]. We found that EC9 formed by all three constructs were quite stable and exhibited comparable inactivation rate constants (0.02--0.04 h^-1^, corresponding to half life values of 18--35 h) upon a NaCl challenge at 500 mM concentration ([Fig 6C and 6D](#ppat.1008484.g006){ref-type="fig"}). These data together suggest that the EC9 is highly stable and reactive, and these properties were not much affected by both types of mutations.

![The reactivity and stability of DENV2 NS5 EC9 were not apparently affected by both types of mutations.\
A) The reaction flow chart for the reactivity test (1) and the stability test (2). (B) A comparison of the EC9 to EC10 conversion for the WT and two representative mutants at 5 or 300 μM CTP concentration. The fraction of the 10-mer intensity was shown in each lane. C-D) A comparison of the EC9 stability upon high-salt challenge for the above three NS5 constructs. The fraction of 10-mer intensity (determined based on gels in panel C) as a function of challenge time was plotted (D) to estimate the apparent EC inactivation rate constant (*k*~*ina*~) for each construct.](ppat.1008484.g006){#ppat.1008484.g006}

The representative R3 mutant perturbing the JEV-mode interface leads to about 4-fold reduction in initiation efficiency and primarily by affecting the initiating NTP binding {#sec009}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To specifically investigate the enzymatic properties of the WT and the two representative mutants during the conversion of the P2 to P3, we measured the relative catalytic rates under different ATP concentrations for each construct ([Fig 7A--7C](#ppat.1008484.g007){ref-type="fig"}), and these data were used to determine the Michaelis constants (*K*~*M*~) of these constructs ([Fig 7D--7F](#ppat.1008484.g007){ref-type="fig"}). By optimizing the reaction time points selection for each NTP concentration and each construct, the 3-mer band intensities were controlled to be within the linear range of the Stains-All based staining method, to facilitate quantitation accuracy (refer to our previous analysis in the JEV study \[[@ppat.1008484.ref012]\]) ([Fig 7A--7C](#ppat.1008484.g007){ref-type="fig"}). It turned out that the *K*~*M*~ value of the R3 mutant is about three times the values of the WT and M_67A/68A mutant (1046 μM vs. 344 μM and 312 μM), indicating that the initiating NTP binding is clearly impaired by the JEV-mode interface mutations ([Fig 7D--7F](#ppat.1008484.g007){ref-type="fig"}). Higher NTP concentrations were not tested in these trials due to a substrate inhibition effect observed in preparatory experiments. We then use the relative catalytic rates determined at 1000 μM for the WT and M_67A/68A mutant, and 1500 μM for the R3 mutant, respectively, to correlate the curve fittings of all three constructs ([Fig 7G](#ppat.1008484.g007){ref-type="fig"}, see [Materials and Methods](#sec014){ref-type="sec"}). The estimated relative specificity constant (rel. *k*~*cat*~*/K*~*M*~) were approximately 0.27 and 1.45 for R3 and M_67A/68A mutants, respectively ([Fig 7G](#ppat.1008484.g007){ref-type="fig"}, using the WT as reference). Taken together, these data suggest that perturbation of the JEV-mode interface clearly impaired DENV2 RdRP initiation mainly by affecting the initiation NTP binding, while perturbation of the DENV3-mode interface only had a moderate effect.

![Characterization of the initiation kinetics on the WT DENV2 NS5 and representative NS5 mutants.\
A-C) The P3 (pGGA) formation under different ATP concentrations by the WT (A), R3 (B), and M_67A/68A (C) constructs. The color-coded icons above the lanes indicate samples from the same reaction mixture that were used to correlate intensity in different gels (see [Materials and Methods](#sec014){ref-type="sec"}). The STD samples were used as a reference and NTP concentration range was adjusted for each NS5 construct, both for ensuring that all P3 band intensities were within the linear range of the staining method used. D-F) The relative reaction rates (left) and *K*~*M*~ fitting (right) analyses for the WT (D), R3 (E), and M_67A/68A (F) constructs. Left: The adjusted intensity of the 3-mer products as a function of time for WT, R3, and M_67A/68A with five ATP concentrations. (G) An analysis of the relative specificity constants of the R3 and M_67A/68A mutants to the WT. Single-gel based reaction rate correlation analysis (left) for the R3-WT (purple points) and M_67A/68A-WT pairs to correlate three Michaelis-Menten curves for determination of the relative specificity constants (right).](ppat.1008484.g007){#ppat.1008484.g007}

In the multiple-turnover P3 accumulation process, either the catalysis of the P2-to-P3 conversion and the dissociation of the P3 product could be rate limiting. Hence, the observed *k*~*cat*~ related differences in the P3 conversion initiation assay could be affected by the variation in the P3 dissociation rates among different constructs. To further validate our judgment, we monitored the P2-driven P9 formation for the WT, R3, and M_67A/68A constructs ([Fig 8](#ppat.1008484.g008){ref-type="fig"}). In this case, the observed difference in the P9 formation is highly dependent on the catalytic rate (presumably the P2-to-P3 conversion step), while not much related by dissociation rates at subsequent steps due to the single-turnover feature of the reaction and the absence of the intermediate products (3-8-mer) in the denaturing gel analyses. When the initiating ATP was supplied at the *K*~*M*~-level concentration of the WT and M_67A/68A mutant (300 μM), the overall conversion rate (P2-to-P9) of the R3 mutant was much slower than those of the other two constructs (0.05 min^-1^ vs. 0.23--0.24 min^-1^). When the ATP concentration was lifted to the *K*~*M*~-level of the R3 mutant (1000 μM), the conversion rate of the R3 was still lower than those of the other two constructs, while the difference between the R3 and WT/ M_67A/68A constructs became smaller (0.11 min^-1^ vs. 0.20--0.27 min^-1^). These data validate the judgment derived from the P3 formation assay and strongly suggest that the JEV-mode interface interactions are critical in NS5 initiation, and in particular, in the initiation NTP binding.

![A comparison of P2 to P9 conversion of the WT DENV2 NS5 constructs confirmed the initiation impairment in the R3 mutant.\
A) Reaction flow chart. Two ATP concentrations (300 and 1000 μM) were tested. B) The P9 accumulation was monitored over time for the WT, R3, and M_67A/68A constructs and the STD samples were used for quantitation (set to 1). C) The relative P9 intensity as a function of time was plotted for all three constructs under two ATP concentrations. The overall conversion rate (rate~conv~) was estimated by fitting each data set to a single exponential rise model.](ppat.1008484.g008){#ppat.1008484.g008}

Discussion {#sec010}
==========

On the conformation diversity and conformation-function relationship of the flavivirus NS5 {#sec011}
------------------------------------------------------------------------------------------

By solving the DENV2 NS5 crystal structures in two different global conformations and characterizing the functional relevance of both conformations, the work presented here helps the understandings of the conformational diversity and conservation in flavivirus NS5, highlighting the important role of the MTase module, a natural fusion partner of the NS5 RdRP module, in the initiation phase of RNA synthesis. Interestingly, the MTase only facilitates RdRP initiation through the JEV-mode conformation, and this specific mechanism is in agreement with the structural observation that the MTase stabilizes the folding of the NTP-binding ring finger only through this conformation \[[@ppat.1008484.ref008],[@ppat.1008484.ref039]\] ([Fig 1A](#ppat.1008484.g001){ref-type="fig"}). Both conformation modes seem not to apparently contribute to the RdRP catalysis in the elongation phase, supporting our previous proposal that the RdRP may only need the assistance from the MTase in the unstable initiation phase \[[@ppat.1008484.ref012],[@ppat.1008484.ref040]\]. Based on the virological data, both conformation modes are important for virus proliferation. Therefore, the DENV3-mode conformation could contribute to other NS5-involved processes. However, whether and how it is related to the catalysis of the MTase, or to the interactions with other viral proteins or host factors remain to be clarified. Note that, the index finger NLS-helix (residues 348--359 in DENV2 NS5), possibly participating in NS3-binding or NS5 shuttling between cytoplasm and nucleus, was occluded by the MTase in both JEV- and DENV3-mode conformations \[[@ppat.1008484.ref019],[@ppat.1008484.ref030],[@ppat.1008484.ref041]\]. Interestingly, residues in the same helix were found to mediate RANTES ([r]{.ul}egulated on [a]{.ul}ctivation, [n]{.ul}ormal [T]{.ul} cell [e]{.ul}xpressed and [s]{.ul}ecreted, also known as CCL5) expression in TBEV \[[@ppat.1008484.ref031]\]. Therefore, additional functional relevant conformation modes likely exist, as also suggested by the small-angle X-ray scattering and reverse genetics data \[[@ppat.1008484.ref005],[@ppat.1008484.ref042],[@ppat.1008484.ref043]\]. Based on the conformational variation of the N-terminal half of the linker region observed in crystallography, the MTase is able to reach the fingers side without much difficulty. However, a conformational change of the entire linker, or additional rearrangements of the N-terminal extension (NE, residues 274--301) of the RdRP is probably necessary to allow the MTase to reach the front of RdRP as we previously suggested \[[@ppat.1008484.ref008]\].

Naturally fused regions as common regulators of viral RdRPs {#sec012}
-----------------------------------------------------------

Although from the same virus family and utilizing the same *de novo* initiation mechanism, the overall structure is quite different for *Flaviviridae* RdRP molecules from representative virus genera. The 66-kD HCV (the type species of the hepacivirus genus) NS5B comprises the RdRP catalytic core and a 21-residue C-terminal membrane anchor. The 82-kD pestivirus NS5B has a 24-residue C-terminal membrane anchor and a \~90-residue unique N-terminal domain (NTD) specifically modulate the RdRP fidelity through intra-molecular interactions with the RdRP palm \[[@ppat.1008484.ref037]\]. The flavivirus NS5 does not have the C-terminal membrane anchor, but is naturally fused to the capping related MTase at its N-terminus. Compared to the NTD-RdRP regulation in pesitivirus NS5B, the crosstalk between the flavivirus MTase and RdRP seems to be more versatile with respect to conformational diversity and functional relevance, as discussed above.

While the *Flaviviridae* RdRPs exhibit diversities in global structure and regulatory mechanisms involving the naturally fused regions of the RdRP module, this phenomenon appears to be commonly occurring in viral RdRPs \[[@ppat.1008484.ref044]\]. The *Rhabdoviridae* L proteins contain four additional functional regions including an MTase and a polyribonucleotidyl transferase (PRNTase) \[[@ppat.1008484.ref045]\]; the *Bunyavirales* L proteins include two additional regions with analogy to the PA and PB2 subunits of the *Paramyxorviridae* RdRP complex that participate in the cap-snatching process to generate a capped primer for RdRP synthesis \[[@ppat.1008484.ref046],[@ppat.1008484.ref047]\]; the *Alphatetraviridae* RdRPs contain an MTase and a helicase at the N-terminal region \[[@ppat.1008484.ref048]\]; the *Nidovirales* RdRPs, including the *Coronaviridae* nsp12 and *Arteriviridae* nsp9, contain a \~200-400-residue N-terminal region with the nucleotidyltransferase (NiRAN) function \[[@ppat.1008484.ref049],[@ppat.1008484.ref050]\]. Likewise, viral RdRPs may evolve from common ancestors comprising only the catalytic module with relative independency in carrying out RNA synthesis, similar to the PV 3D^pol^ and HCV NS5B. Co-evolution with versatile host species and the low coding capacity-driven protein function combination may contribute to the structural and functional diversity of current viral RdRPs with respect to regions beyond the RdRP catalytic module. We propose that the functional roles currently offered by these regions, such as the fidelity modulation in pestivirus NS5B and initiation enhancement flavivirus NS5, are likely a result of their co-evolution with the RdRP module through the establishment of specific interactions. Moreover, the RdRP fidelity and initiation enhancement offered by the pesitvirus NS5B NTD and flavivirus NS5 MTase, respectively, is likely not an improvement of a specific function relative to the corresponding RdRP ancestors, but a balance between gaining an extra module and maintaining the levels of key enzymatic properties for the RdRPs.

Implications for conformation-based protein function {#sec013}
----------------------------------------------------

Large-scale protein conformational changes are amazing events in biological systems, albeit associated with very different characteristics. Driven by multiple cycles of phosphoryl transfer reactions and accompanied by dramatic changes in protein-nucleic acid interactions, the N-terminal one third of bacteriophage T7 RNA polymerase undergoes a dramatic rearrangement as it makes an irreversible transition from the promoter-bound initiation state to the promoter-free elongation state in the transcription process \[[@ppat.1008484.ref051]--[@ppat.1008484.ref053]\]. By contrast, the observed conformational diversity in flavivirus NS5 has not yet involved continuous events of nucleotide addition, and the energy barrier between different observed states may be low enough to allow a distribution of several states in solution. As both captured by crystallography in multiple virus species, the JEV-mode and DENV3-mode conformations probably represent relatively stable states of apo NS5, thus forming the foundation for further understanding of the NS5 function when it is participating in enzymatic reactions or interactions with essential viral or host factors. The flavivirus NS5 is also a great example that the different interaction modes can be established between regions of a single protein, and are related to different functions of the protein and different processes in the life cycle of the corresponding species. In a broader context, the conformation-based function diversity extends the function capacity beyond the traditional consideration of protein folding, and is therefore an important factor when understanding protein function.

Materials and methods {#sec014}
=====================

Cloning and protein production {#sec015}
------------------------------

The full-length WT DENV2 NS5 gene within the DNA clone of TSV01 strain (GenBank: AY037116) was cloned into a pET26b vector to yield the pET26b-DENV2-NS5 plasmid. Eleven full-length NS5 constructs with point mutations ([Fig 3E](#ppat.1008484.g003){ref-type="fig"}) were made by using the QuickChange site-directed mutagenesis method and the WT plasmid as the template. NS5 expressing plasmids were transformed into *Escherichia coli* strain BL21-CodonPlus(DE3)-RIL for expression of NS5 constructs with a hexa-histidine tag at the C-terminus. Cells were grown at 30°C overnight in the NZCYM medium containing 25 μg/mL kanamycin (KAN25) and 20 μg/mL chloramphenicol (CHL20) until the optical density at 600 nm (OD~600~) was 1.0. The overnight culture was used to inoculate 1 L of NZCYM medium with KAN25 and CHL20 to reach an initial OD~600~ around 0.025. The cells were grown at 37°C at 220 rpm to an OD~600~ of 1.0 and then cooled to room temperature (r.t.). Isopropyl-β-D-thiogalactopyranoside (IPTG) was added to a final concentration of 0.5 mM, and the cells were grown for an additional 6 h at r. t. or 20 h at 16°C before harvesting.

Purification of DENV NS5 and its variants {#sec016}
-----------------------------------------

Cell lysis, subsequent purification and storage procedures were as previously described in the JEV NS5 study \[[@ppat.1008484.ref008]\], except that the centrifugation duration to remove cell debris was 1 h, a 50 mM imidazole wash was applied prior to the elution step of the nickel-affinity chromatography, and 5 mM Tris (pH 7.5) was used as the buffering agent in the gel filtration chromatography. Tris-(2-carboxyethyl)phosphine (TCEP) was added to the pooled fractions to a final concentration of 5 mM. The molar extinction coefficient for the DENV NS5 was calculated based on protein sequence using the ExPASy ProtParam program (<http://www.expasy.ch/tools/protparam.html>). The yield is typically 2 mg of pure protein per L of bacterial culture.

Protein crystallization and crystal harvesting {#sec017}
----------------------------------------------

The DENV NS5 crystals were grown by sitting drop vapor diffusion at 10 or 16°C using 10--12 mg/mL protein sample. Crystals grew to its final dimension in about 3 weeks with a precipitant/well solution containing 1.7% (vol./vol.) dioxane, 0.085 M bicine (pH 8.8), 4.9% (wt./vol.) PEG2000, and 15% (vol./vol.) glycerol for crystal form 1, and 0.2 M NH~4~I, 8% (vol./vol.) Tacsimate (pH 6.1), and 20% (wt./vol.) PEG3350 for crystal form 2. Crystals were transferred into cryo-stablizer solutions and stored in liquid nitrogen prior to data collection.

Crystallographic data processing and structure determination {#sec018}
------------------------------------------------------------

Diffraction datasets were collected at the Shanghai Synchrotron Radiation Facility (SSRF) beamlines BL17U1 (crystal form 1, wavelength 0.9792 Å) and BL18U1 (crystal form 2, wavelengths: 0.9788 Å) at 100 K. Typically, at least 180° of data were collected in 0.4--0.5° oscillation steps. Reflections were integrated, merged, and scaled using HKL2000 or D\*Trek \[[@ppat.1008484.ref054],[@ppat.1008484.ref055]\]. The initial structure solution for crystal form 1 was obtained using the molecular replacement program PHASER \[[@ppat.1008484.ref056]\] and separated MTase and RdRP ensembles derived from JEV and DENV3 NS5 structures (PDB entries 4K6M and 4V0Q) \[[@ppat.1008484.ref008],[@ppat.1008484.ref020]\]. The final model of crystal form 1 was split into three ensembles (MTase, RdRP thumb with index tip, and the rest of RdRP) in the molecular replacement trial to obtain the initial structure solution for crystal form 2. Manual model building and structure refinement were done using Coot and PHENIX, respectively \[[@ppat.1008484.ref057],[@ppat.1008484.ref058]\]. The 3,500 K composite simulated-annealing omit 2F~o~-F~c~ electron density maps were generated using CNS \[[@ppat.1008484.ref059]\]. All NS5 superimpositions were done using the maximum likelihood based structure superpositioning program THESEUS \[[@ppat.1008484.ref026]\]. Relative domain motions were analyzed by DynDom \[[@ppat.1008484.ref060]\]. The occlusion of the solvent accessible area by the MTase-RdRP interactions was analyzed by program SurfRace with a probe radius of 1.4 Å and the 10-residue linker excluded in the calculation \[[@ppat.1008484.ref061]\]. The multiple sequence alignment of NS5 was carried out using 47 available complete NS5 sequences among the flavivirus species documented by the International Committee on Taxonomy of Viruses (ICTV) ([http://www.ictvonline.org](http://www.ictvonline.org/)), and the alignment was then used to generate the sequence logos ([http://weblogo.berkeley.edu](http://weblogo.berkeley.edu/)) and the conservation score projected structural representations. The projection of the conservation score onto structural model was done by the ConSurf server \[[@ppat.1008484.ref062]\].

Cells and antibodies {#sec019}
--------------------

BHK-21 cells (American Type Culture Collection (ATCC), CCL-10) was propagated in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 units/mL of penicillin and 100 μg/mL of streptomycin in 5% CO~2~ at 37°C. Monoclonal antibody (4G2) against envelope protein of flavivirus was used to detect viral protein expression of both JEV and DENV2. FITC-conjugated goat anti-mouse IgG was used as secondary antibody.

Construction of mutant genome-length cDNA of JEV and DENV2 {#sec020}
----------------------------------------------------------

The infectious clones of pACYC-JEV-SA14 \[[@ppat.1008484.ref063]\] and pACYC-DENV2-TSV \[[@ppat.1008484.ref033]\] were used as the backbone to construct recombinant JEV and DENV2 with different NS5 mutations, respectively. All mutations were engineered by fusion PCR. The JEV NS5 mutations were engineered at *BamH*I and *Xba*I restriction sites of pACYC-JEV-SA14. All DENV2 NS5 mutations were inserted into to pACYC-DENV2-TSV by restriction digestion with *Nru*I and *Cla*I. All constructs were verified by DNA sequencing before they were used in the subsequent experiments.

Recombinant JEV and DENV2 study with different NS5 mutations {#sec021}
------------------------------------------------------------

The infectious clone of JEV and DENV2 with corresponding NS5 mutations were linearized with *Xho*I and *Cla*I, respectively, and then subjected to *in vitro* transcription using a T7 *in vitro* transcription kit (Thermo Fisher Scientific). Approximately 1 μg of transcribed recombinant genomic RNAs were transfected into BHK-21 cells with reagent DMRIE-C (Invitrogen). Then the cell slides were fixed in cold (-20°C) 5% (vol. to vol.) acetone in methanol at r. t. for 10 min. After washing three times with phosphate buffer saline (PBS) (pH 7.4), the fixed cells were subjected to IFA with 4G2 monoclonal antibody to examine viral envelope expression of both JEV and DENV2. At the same time, the supernatants of RNA-transfected BHK-21 cells were harvested as viral stocks for plaque assay to quantify viral titers and examine plaque morphologies. Briefly, confluent BHK-21 cells (1×10^5^ cells per well, plated 1 day in advance) in 24-well plates were infected with serially 10-fold diluted viral supernatants and incubated at 37°C with 5% CO~2~ for 1 h before the layer of medium containing 1% methylcellulose was added. After 4 days of incubation at 37°C with 5% CO~2~, the cells were fixed in 3.7% formaldehyde and then stained with 1% crystal violet. The viral titer was calculated as plaque formatting unit (PFU) per mL.

RNA preparation {#sec022}
---------------

The 30-mer template RNA (T30, [Fig 5A](#ppat.1008484.g005){ref-type="fig"}) used for *de novo* polymerase assays was chemically synthesized (Integrated DNA Technologies or Dharmacon) and purified by 12% (wt./vol.) polyacrylamide/7 M urea gel electrophoresis. The target RNA was excised from the gel, electro-eluted by using an Elu-Trap device (GE Healthcare), ethanol precipitated, dissolved in an RNA annealing buffer (RAB: 50 mM NaCl, 5 mM Tris (pH 7.5), 5 mM MgCl~2~), and stored at -80°C after a self-annealing process (a 3-min incubation at 95°C followed by snap-cooling to minimize inter-molecular annealing). A 5′-phosphorylated dinucleotide primer pGG (P2) (Jena Biosciecnes) was mixed with T30 at 5:1 or 20:1 molar ratio to make the T30/P2 construct.

*In vitro* polymerase assays {#sec023}
----------------------------

All *in vitro* polymerase assays were based on the dinucleotide (P2)-driven reactions. The standard reaction condition was derived from the JEV NS5 work with the 4 μM of the T30 RNA and 6 μM of NS5 and with a couple of adjustments \[[@ppat.1008484.ref012]\]. Firstly, a manganese-free reaction condition (50 mM Tris (pH 7.5), 20 mM NaCl, 5 mM MgCl~2~, 5 mM DTT) (hereinafter referred as reaction buffer) was established. Secondly, a 5′-phosphorylated dinucleotide (pGG) and the T30 RNA was mixed at a difference ratio. In the assay to characterize the conversion of P2 to the 3-mer product (P3), ATP was supplied as the only NTP substrate and a high P2:T30 ratio (20:1) was used to achieve multiple turnovers within a reasonable duration. For the P9-containing EC (EC9) formation assay to achieve the P2-to-P9 conversion, ATP and UTP were supplied and the P2:T30 ratio was 5:1. For the P9-to-P10 single nucleotide elongation assay, reactions were first carried out as described in the EC9 formation assay. The reaction mixtures were centrifuged at 16,000 g for 5 min, and the pellet was washed twice by the reaction buffer, and was then resuspended in a modified reaction buffer with NaCl concentration lifted to 200 mM. CTP was supplemented to the resuspended mixture to allow the single-nucleotide elongation at 30°C, and the reaction was quenched immediately ("0" min) or at a certain time point after the addition of CTP. The concentrations of NaCl and CTP in the final reaction mixture are 200 mM and 300 μM, respectively, unless otherwise indicated. For all assays, the procedures for denaturing polyacrylamide gel electrophoresis (PAGE), gel staining, and quantitative analyses were performed as previously described \[[@ppat.1008484.ref012]\]. The Stains-All (Sigma-Aldrich)-based staining method is reasonably accurate when quantitating RNA bands with the same length, and in the majority of our experiments we tried to keep the band intensity within the linear range estimated in the previous study by adjusting the range of reaction time points \[[@ppat.1008484.ref012]\].

For the P2-to-P3 conversion assay, 50, 100, 200, 500, and 1000 μM ATP concentrations were used for WT and M-67A/68A, and 200, 400, 600, 1000, and 1500 μM were used for R3. To account for gel-to-gel intensity variations, samples from the same reaction mixture (indicated by the same icon above corresponding lanes in [Fig 7A--7C](#ppat.1008484.g007){ref-type="fig"}) were loaded on different gels to normalize the intensities (e.g. lanes 4/17, 14/27, 24/37 in [Fig 7A](#ppat.1008484.g007){ref-type="fig"}). The normalized intensity was then used to calculate the relative reaction rates ([Fig 7D--7F](#ppat.1008484.g007){ref-type="fig"}, left), which in turn were fitted to the Michaelis-Menten equation ([Fig 7D--7F](#ppat.1008484.g007){ref-type="fig"}, right). To estimate the relative *k*~*cat*~ and specificity constant values of all three constructs, The Michaelis-Menten curves of all three constructs were normalized based on the measurement of the relative reaction rates of each WT-mutant pair in the same gel ([Fig 7G](#ppat.1008484.g007){ref-type="fig"}).

For the stability assessment of EC9, the P2-to-P9 conversion was first carried out as described above. The reaction mixture was subsequently centrifuged at 16,000 g for 5 min, and the pellet was washed twice by the reaction buffer and was then resuspended in a modified reaction buffer with NaCl concentration lifted to 500 mM. The resuspension was incubated in 37°C for various duration (0--78 h), and then CTP was added to reach a final concentration of 300 μM to trigger the P9-to-P10 conversion by EC9 that survived the incubation. The fraction of 10-mer intensity values were fitted to a single-exponential decay model to estimate the inactivation rates of all three constructs.

Supporting information {#sec024}
======================

###### A modelled NS5 conformational transition from the JEV-mode to the DENV3-mode.

The movie starts with the JEV NS5 structure (PDB entry 4K6M), switches to the first form of DENV2 structure (PDB entry 6KR2), then the second form of DENV2 structure (PDB 6KR3), and finally the DENV3 structure (PDB entry 4V0Q). Three rotation axes related to the MTase movement are indicated by black lines, and one axis related to the RdRP thumb movement is indicated by a grey line. Note that the non-superimposable regions are not included in the structural models.

(MP4)

###### 

Click here for additional data file.
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Dear Dr. Gong,

Thank you very much for submitting your manuscript \"A conformation-based intra-molecular initiation factor identified in the flavivirus RNA-dependent RNA polymerase\" for consideration at PLOS Pathogens. As with all papers reviewed by the journal, your manuscript was reviewed by members of the editorial board and by two independent reviewers. As you will see, the reviewers provided contradictory reports. After careful consideration, we have editorially sided with reviewer 2.   Flavivirus NS5 is a multifunctional protein, composed of an N-terminal methyl-transferase (MTase) domain and a larger RNA-dependent RNA polymerase (RdRp) C-terminal domains. Multiple structures have been reported previously, some identifying a functional dimeric complex. As a polymerase, the NS5 protein has to adopt several conformation, which are different for initiation of RNA synthesis, for capping the newly synthesized RNA, or for elongation of the latter. In your study, you obtained crystals of DENV2 NS5 adopting two different conformations : one that resembles a structure reported for NS5 from the Japanese encephalitis flavivirus (JEV), in which the MTase domain adopts a "closed conformation" with respect to the RdRp domain, and another in which it adopts an \"open conformation\", similar to the one seen before in a structure of NS5 from the dengue virus serotype 3 (DENV3). As the two MTase/RdRp interfaces are different,  site directed mutagenesis allowed the selective targeting of the two interfaces. The use of these mutants for functional studies in an assay that allows to distinguish RNA initiation from RNA elongation showed that mutations at the interface seen in the open form interfere with the initiation process but do not affect the elongation process. Although there was no effect of the mutants at the interface observed in the closed form, it was considered editorially that it  is the first time that a given conformation of NS5 can be clearly attributed to a specific step in the replication process, and even though no MTase studies were performed, as pointed out by reviewer 1, that this is still a meaningful study.

Please prepare and submit your revised manuscript within 30 days. If you anticipate any delay, please let us know the expected resubmission date by replying to this email. 

When you are ready to resubmit, please upload the following:

\[1\] A letter containing a detailed list of your responses to all review comments, in particular to those raised by reviewer 2, but also, whenever possible, to those raised by reviewer 1, together with a description of the changes you have made in the manuscript. 

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out

\[2\] Two versions of the revised manuscript: one with either highlights or tracked changes denoting where the text has been changed; the other a clean version (uploaded as the manuscript file).

Important additional instructions are given below your reviewer comments.

Thank you again for your submission to our journal. We hope that our editorial process has been constructive so far, and we welcome your feedback at any time. Please don\'t hesitate to contact us if you have any questions or comments.

Sincerely,

Félix A. Rey

Associate Editor
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The paper describes the X-ray structure of the NS5 protein of Dengue virus serotype 2. Flavivirus NS5 is a multifunctional protein, composed of an N-terminal methyl-transferase (MTase) domain and a larger RNA-dependent RNA polymerase (RdRp) C-terminal domains. Multiple structures have been reported previously, some identifying a functional dimeric complex. As a polymerase, this protein has to adopt several conformation, which are different for initiation of RNA synthesis, for capping the newly synthesized RNA, and for elongation of the later. Here, the authors have identified two different conformations of NS5 in their crystals: one that resembles a structure reported for NS5 from the Japanese encephalitis flavivirus (JEV), in which the MTase domain adopts a "closed conformation" with respect to the RdRp domain, and another in which it adopts an open conformation, similar to the one seen before in a structure of NS5 from the dengue virus serotype 3 (DENV3). What I found novel is that, as the two MTase/RdRp are different, they used directed mutagenesis to alter the interfaces in the closed or in the open conformation. They used these mutants for functional studies in an assay that allowed them to distinguish RNA initiation from RNA elongation. They found that mutations in the interface seen in the open form interfere with the initiation process but do not alter the elongation process. Although they didn't found a phenotype for the mutants at the interface observed in the closed form, this is the first time that a given conformation of NS5 can be assigned to a particular step in the replication process, and even though no MTase studies were performed, as pointed out by reviewer 1, I found that the authors have still presented a meaningful study.

Reviewer Comments (if any, and for reference):

Reviewer\'s Responses to Questions

**Part I - Summary**

Please use this section to discuss strengths/weaknesses of study, novelty/significance, general execution and scholarship.

Reviewer \#1: In this manuscript, Wu et al. report the crystal structures Dengue virus type 2 (DENV2) NS5 and show that it exists in two distinct conformations representing both of the previously reported structures of Japanese encephalitis virus (JEV) and DENV3 NS5. These are defined as JEV-mode and DENV3-mode due to closeness of these DENV2 structures to the JEV and DENV3 NS5 structures. Moreover, the authors present additional data by mutational analysis to distinguish the functional differences between the two conformations of DENV2 NS5. They performed in vitro polymerase assays with wild-type (WT) and site-specific NS5 mutants to distinguish the initiation and elongation steps of RNA synthesis as well as cell-based replication using immunofluorescence assays. The authors conclude that the methyltransferase (MTase) of NS5 serves as a unique initiation factor only through NS5 conformation in the JEV-mode. But no MTase assays were performed. Overall, the crystallographic work is well-done. However, their biochemical and virological assays raise several questions. The functional roles of these two conformational states of DENV2 NS5 in viral replication remains unclear. Moreover, another group reported recently that DENV2 NS5 exists in two distinct conformational states (El Sahili, Soh, Schiltz, Gharbi-Ayachi, She, Shi, Lim, Lescar, 2020. J. Virol. 94: e01294-19). These authors in El Sahili et al. provide convincing evidence that it is the inter-domain linker between the MTase and POL domains the functional determinant of the two conformational states of DENV2 NS5.

Reviewer \#2: The flaviviral NS5 proteins contain a methyltransferase (MTase) domain followed by an RNA-dependent RNA polymerase (RdRP) domain, both of which have essential functions during viral replication. Structures of the individual domains have been known for over a decade and biochemical approaches have been applied to studying the seemingly independent activities of these domains; this has worked moderately well for the MTase, but not so well for the RdRP due to the presence of a priming loop on the thumb domain that limits RNA binding and has precluded detailed biochemical studies of elongation kinetics the solving of an active elongation complex structure. Over the past few years that have several structure of full length NS5 solved from multiple flaviviruses (JEV, ZIKV, DENV3), and interestingly these have shown different interactions between the MTase and RdRP domains. However, it has not yet been clear if the observed inter-domain interactions are biologically relevant or due to crystal packing effects.

The work presented in this manuscript provides a thorough study of MTase-RdRP interactions using structural biology, biochemistry, and virus replication data to address functional roles of the flaviviral methyltransferase (MTase) during the initiation of replication by the RdRP domain. Two new structures of DENV2 NS5 are solved that capture domain orientations which are intermediate between those solved previously for DENV3 and JEV. Structure-based mutagenesis is then used to show that one specific mode of MTase-RdRP interaction (the JEV mode) is important for both the growth of infectious virus and for in vitro initiation by the RdRP domain. These new results provide key insights into understanding the molecular mechanisms whereby flaviviral NS5 initiates replication.

Using initiation of a pGG dinucleotide to form pGGA or to extent to a longer 9mer when UTP is also added, the authors use mutations of the show that formation of both products is diminished upon mutation of the JEV-mode interface but not the DENV3 interface, indicating that the JEV-mode is the active form. Furthermore, the researchers demonstrate that mutating the MTase interaction only affects RdRP initiation to form short products (pGG to pGGA), and does not affect on the elongation of a longer 9mer product to a 10mer. This latter elongation step is demonstrated to be very rapidly done by a complex that is stable in high salt, showing that the authors have assembled authentic stalled elongation complexes form a flaviviral polymerase. This is a major breakthrough that sets the stage for future studies of both RdRP biochemistry and elongation complex structure.

The core experiments and conclusions are solid and well presented in the manuscript and there are no major concerns with the interpretation of the results. As usual from Gong lab, the illustrations are excellent and the polymerase biochemistry is well done with rigorous interpretations, all the more notable in this work because of the extensive steps taken to normalize Stains-All data across multiple gels. However, there are a few points where additional clarification or grammar corrections would be appreciated, as outlined below.

Line 146-149: It may be worth discussing that the ring finger and part of index finger are not resolved in many of the early flaviviral RdRP domain structures (2hcn, 2hfz, 2j7u, 2j7w... see the flaviviral structures at DOI: 10.5281/zenodo.3361874). Might this be because the MTase domain is needed to stabilize the fingers folding, which could have big effects on RNA binding and initiation?

The section from lines 162-167 describing SAH binding site is weak and the evidence for an "allosteric" site sounds somewhat circumstantial. Is there any experimental evidence for SAH binding being important, or is it perhaps a crystallization artifact? The section should either be strengthened with experimental data or references, or the idea of "allosteric" should be removed and the observed SAH density instead be described as an interesting structural observation that merits further biochemical validation. Also, was SAH added to the crystallization conditions, or did this SAH co-purify with the protein much as the SAH bound to the MTase domain does? Is there full occupancy of this "allosteric" site and of the native MTase site? Is there any (weak) anomalous density from the sulfur that would definitively identify the SAH?

Please explicitly state the actual concentration of polymerase, RNA template and pGG primer used in the biochemical experiments. These are not stated anywhere in the manuscript, where only mole ratios are listed.

\*\*\*\*\*\*\*\*\*\*

**Part II -- Major Issues: Key Experiments Required for Acceptance**

Please use this section to detail the key new experiments or modifications of existing experiments that should be [absolutely]{.ul} required to validate study conclusions.

Generally, there should be no more than 3 such required experiments or major modifications for a \"Major Revision\" recommendation. If more than 3 experiments are necessary to validate the study conclusions, then you are encouraged to recommend \"Reject\".

Reviewer \#1: In this manuscript, Wu et al. report the crystal structures Dengue virus type 2 (DENV2) NS5 and show that it exists in two distinct conformations representing both of the previously reported structures of Japanese encephalitis virus (JEV) and DENV3 NS5. These are defined as JEV-mode and DENV3-mode due to closeness of these DENV2 structures to the JEV and DENV3 NS5 structures. Moreover, the authors present additional data by mutational analysis to distinguish the functional differences between the two conformations of DENV2 NS5. They performed in vitro polymerase assays with wild-type (WT) and site-specific NS5 mutants to distinguish the initiation and elongation steps of RNA synthesis as well as cell-based replication using immunofluorescence assays. The authors conclude that the methyltransferase (MTase) of NS5 serves as a unique initiation factor only through NS5 conformation in the JEV-mode. But no MTase assays were performed. Overall, the crystallographic work is well-done. However, their biochemical and virological assays raise several questions. The functional roles of these two conformational states of DENV2 NS5 in viral replication remains unclear. Moreover, another group reported recently that DENV2 NS5 exists in two distinct conformational states (El Sahili, Soh, Schiltz, Gharbi-Ayachi, She, Shi, Lim, Lescar, 2020. J. Virol. 94: e01294-19). These authors in El Sahili et al. provide convincing evidence that it is the inter-domain linker between the MTase and POL domains the functional determinant of the two conformational states of DENV2 NS5.

Specific comments

1\. Line 71, p. 4: This study focuses only on the polymerase activity of NS5 although the interdomain interaction between MTase and POL domains could impact on both enzyme activities. Why the authors did not perform any MTase assays to study the impact of the two conformations of DENV2 NS5?

2\. Lines 99-101, p. 5: "This statement is not correct. Once initiated de novo, RdRp can continue RNA synthesis until the template is copied. This has been demonstrated for dengue virus type 2 RdRp in many studies using subgenomic RNA templates containing 5'- and 3'-terminal regions and conserved cis-active elements that have been shown to be important for both initiation and elongation steps (see refs. Ackermann and Padmanabhan, 2001; Niyomrattanakit et al. 2010). The statement on line 101 is not accurate because in one study, processivity of RdRp was demonstrated by including heparin after initiation complex is formed to block re-initiation events (Nomaguchi et al. 2003). The statement on line 102 needs to modified to indicate that both Mg++ and Mn++ were used (in refs. 18, 24 and 25 cited in this study).

3\. The effects of mutations on MTase activity were not studied whereas these were examined in ref. 18 cited in this study.

4\. Lines 204, 208, 264: There is no Fig. 3E included in the manuscript.

5\. Lines 235-239 and lines 239-242: Please cite the ref(s) here; 12 or 33?.

6\. One concern with this study is the use of artificial GG dinucleotide primer and template for RdRp initiation and elongation assays. The authors' definition of de novo initiation in mosquito-borne RdRp assays is unconventional and may lead to wrong conclusions regarding the mutational effects in RdRp activities. For example, the catalytic rate constant could not be accurately determined under their conditions (lines 252-257).

Reviewer \#2: None

\*\*\*\*\*\*\*\*\*\*

**Part III -- Minor Issues: Editorial and Data Presentation Modifications**

Please use this section for editorial suggestions as well as relatively minor modifications of existing data that would enhance clarity.

Reviewer \#1: Minor Comments:

1\. Line 144: Which DENV3 structures the authors are referring to here? It would be helpful if the authors label the motif G in Fig. 1.

2\. Lines 160-162: The SAH binding site has been observed and labeled in Klema et al. (ref. 21).

3\. Define "pt" ( line 229) andNS5B NTD (line 403).

Reviewer \#2: Line 40: calling differences in prior structures "drastically different global folds" is perhaps an overstatement since the effects are really at the level of relative domain orientations and not protein folding.

Line 51: remove "about" as it redundant with giving a range of 10-11 kb for genome length.

Line 71: change are to is

Line 72: make evidences singular

Line 76: typo in hereafter

Line 86: in discussing interface areas, please explicitly state if the values presented reflect total buried solvent accessible surface from both sides of the interface, or from only one side of the interface. Also on lines 138, 157 and others.

Line 115: Consider deleting "apparently" as the data for this are convincing.

Line 120: change in to to.

Line 127: arrange should be in past tense (arranged).

Line 301: The same high-salt challenge studies are also used in studies of picornaviral polymerases, where they led to the crystallization of elongation complexes.

Line 312-316: What really needs to the optimized here is the amount of material loaded on the gel, not necessarily what was used in the reactions, which could be done at higher concentrations and then diluted prior to gel loading (a minor conceptual point, no need to edit the text).

Line 316: Change 3-fold to "3-fold higher"

Line 375: I do not agree with the statement that the global structural organization is quite different from flaviviral polymerases versus others. Structure comparisons have shown the core polymerase fold and structure to be very similar across all viral polymerases, and certainly among positive strand RNA viruses, with few insertions or topology changes within the core fold. There are added domains, such as the N-terminal MTase and NiRAN domains or C-terminal membrane anchors, but these are additions to the protein and not a reorganization of the protein fold as implied by the manuscript as written.

Line 394: I do believe there is convincing evidence that the N-terminal region of nsp9 is a nucleotidylating NiRAN domain.

Line 518: Include actual concentrations of macromolecules used in the experiments.

Figure 3: Are the stereo panels in A and B flipped right to left? Stereo viewing of these images does not seem to work correctly.

Figure 5: In panel D, why is the 9mer STD band higher than the 9mer product band from the polymerase? Effect of the 5' phosphate from pGG primer, perhaps?

Line 816: Consider changing to "...in the multiple turnover P3 formation and single turnover P9 formation assays" so as to explain the vast difference in band intensities in the figure legend itself (in addition to the comments already in the text of the manuscript).

Line 833: Technically speaking, the experiment in really testing inactivation of the elongation complex and not the dissociation rate of the RNA, although that is probably a valid interpretation in this case.

Figure 7: In some cases, linear curve fits to determine initial rates are being applied to data that have clear curvature (panel E-200uM, panel F-50 & 100 uM, panel G-R3). This is a minor point.

\*\*\*\*\*\*\*\*\*\*

PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plospathogens/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

[Figure Files:]{.ul}

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, [[https://pacev2.apexcovantage.com](https://pacev2.apexcovantage.com/)]{.ul}. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at [<figures@plos.org>]{.ul}.

[Data Requirements:]{.ul}

Please note that, as a condition of publication, PLOS\' data policy requires that you make available all data used to draw the conclusions outlined in your manuscript. Data must be deposited in an appropriate repository, included within the body of the manuscript, or uploaded as supporting information. This includes all numerical values that were used to generate graphs, histograms etc.. For an example see here: <http://www.plosbiology.org/article/info%3Adoi%2F10.1371%2Fjournal.pbio.1001908#s5>.

[Reproducibility:]{.ul}

To enhance the reproducibility of your results, PLOS recommends that you deposit laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see [[http://journals.plos.org/plospathogens/s/submission-guidelines\#loc-materials-and-methods](http://journals.plos.org/plospathogens/s/submission-guidelines)]{.ul}
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18 Mar 2020

Dear Dr. Gong,

We are pleased to inform you that your manuscript \'A conformation-based intra-molecular initiation factor identified in the flavivirus RNA-dependent RNA polymerase\' has been provisionally accepted for publication in PLOS Pathogens.

Before your manuscript can be formally accepted you will need to complete some formatting changes, which you will receive in a follow up email. A member of our team will be in touch with a set of requests.

Please note that your manuscript will not be scheduled for publication until you have made the required changes, so a swift response is appreciated.

IMPORTANT: The editorial review process is now complete. PLOS will only permit corrections to spelling, formatting or significant scientific errors from this point onwards. Requests for major changes, or any which affect the scientific understanding of your work, will cause delays to the publication date of your manuscript.

Should you, your institution\'s press office or the journal office choose to press release your paper, you will automatically be opted out of early publication. We ask that you notify us now if you or your institution is planning to press release the article. All press must be co-ordinated with PLOS.

Thank you again for supporting Open Access publishing; we are looking forward to publishing your work in PLOS Pathogens.

Best regards,

Félix A. Rey
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24 Apr 2020

Dear Dr. Gong,

We are delighted to inform you that your manuscript, \"A conformation-based intra-molecular initiation factor identified in the flavivirus RNA-dependent RNA polymerase,\" has been formally accepted for publication in PLOS Pathogens.

We have now passed your article onto the PLOS Production Department who will complete the rest of the pre-publication process. All authors will receive a confirmation email upon publication.

The corresponding author will soon be receiving a typeset proof for review, to ensure errors have not been introduced during production. Please review the PDF proof of your manuscript carefully, as this is the last chance to correct any scientific or type-setting errors. Please note that major changes, or those which affect the scientific understanding of the work, will likely cause delays to the publication date of your manuscript. Note: Proofs for Front Matter articles (Pearls, Reviews, Opinions, etc\...) are generated on a different schedule and may not be made available as quickly.

Soon after your final files are uploaded, the early version of your manuscript, if you opted to have an early version of your article, will be published online. The date of the early version will be your article\'s publication date. The final article will be published to the same URL, and all versions of the paper will be accessible to readers.

Thank you again for supporting open-access publishing; we are looking forward to publishing your work in PLOS Pathogens.

Best regards,

Kasturi Haldar

Editor-in-Chief
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